Introduction 32
Mitigating the catastrophic effects of high intensity localised blasts, such as those emanating from high explosives, e.g. IED's or buried land mines, has been of prime significance in the design 
106
are validated against available experimental and numerical results in Section 6. Finally, Section 7 107 presents and discusses the conclusions of the study.
108
2 Statement of the problem 109
Assumptions

110
The plates examined in this work are assumed to be 'membranes', implying that they are thin 111 enough to render the contribution of transverse shear strains and rotatory inertia negligible.
112
These effects are thus disregarded, while in-plane action plays a significant role in the overall 113 response and has been included. In fact, it has been shown that the effect of transverse shear is 114 not significant for locally blasted panels with slenderness ratio ≥ 5 [39] . The effect of rotatory 115 inertia is even less significant [39] .
116
In order to produce reliable results for dynamic plastic response of the membranes the 117 influence of finite displacements must be retained in the study [20] , [40] - [42] .The overall 118 response of the structure is thus characterised by the deformed shape, rather than the base 119 configuration. This condition necessitates the membrane force to be included in the dynamic 120 energy equilibrium equations. Hence, the overall response consists of the combined effects 121 bending and membrane phenomena.
122
The influence of visco-plasticity has been discussed in the context of the problem; however,
123
most Rolled Homogeneous Armour (RHA) graded steel types of interest in this work are 124 impervious to such phenomenological effect. Strain rate sensitivity would reduce the overall 125 deformation and increase the material strength, but in some cases reduce the rupture strain [43] .
126
A detailed theoretical procedure to determine the dynamic response of visco-plastic plates 127 subject to blasts and impacts is found in [20] . 
146
Depending on the blast type, e.g. gas explosion or high explosive detonation, the pulse shape 
150
[48]- [50] , the efficacy of which is confirmed for monotonically decaying pulses by Ref. [42] . For
151
impulsive blasts, the pulse shape has no intrinsic effect on the system. In this work, a rectangular 152 pulse shape is assumed as presented in Fig. 2 .
153
For the uniform or point loads, only the load magnitude contributes to the length of the plastic 154 hinge lines, while in generic blasts the length depends on both the magnitude and distribution. 
157
By referring to the analysis of simply supported beams discussed in [36] , and using the Tresca
158
yield condition, it may be assumed that for the simply supported plates, the plastic yield is
159
governed by the constitutive equations as follows: The assumed isotropic hardening in the constitutive formulation is accounted for by replacing 170 the yield stress with the average of the initial yield and ultimate tensile stresses of the material. 
̅ = ∫ ( + )
.
̅ + ∑ ∫ ( + )
Note that the over dot notation denotes differentiation with respect to time. In Eq. (7), ̅ is 184 the elemental area, is the mass per unit surface area and ( , , ) is the pressure field function.
185
The expressions on the left-hand side represent the external work rate with the first term being 186 work due to pressure field and the second term due to Lagrange-D'Alembert principle's inertia 187 force, while the first term on the right-hand side is the strain energy dissipated in a continuous 188 deformation field, the second term is the energy dissipated at discrete plastic hinges of length
189
, each having an angular velocity of Eq. (9) may have been obtained by eliminating the inertia term in Eq. , as depicted by Eq. (10) a fact that conforms 220 to the uniformly blast loaded square plates available in the literature [36] , [37] .
221
Thus, it may be assumed that each pattern corresponds to a special velocity profile as follows: 
225
Similar expression of is defined by [52] for circular plates. 
236
The rotational velocities in each zone simplify to Eq.s' (13a-c), when the shearing angle at the (1 Given the deformation field in a rigid plated system along the equipotential surfaces has the 252 same magnitude (for example, the path EFGH in Fig. 6 (a) ), it may be assumed that the theoretical 
265
Regarding pattern (A), the dynamic velocity assumes a roof shape profile illustrated in Fig. 8 266 and identical to that due to the static loads. However, the velocity profile is now time dependent, 267 which casts the motion into two distinct phases, i.e. phase (i) onset of loading, and phase (ii) final 268 phase associated with the residual deformations to dissipate the reserved kinetic energy.
269
With reference to 
Final phase of motion ( ≥ )
281
A transition from phase 1 to phase 2 occurs as the pressure load lifts off the target surface.
282
The motion is characterised by the inertia effects as 0 = 0; however, the expressions (17) - (20) 283 still govern the response during the second phase of motion. Thus, by evaluating the ODE 284 parameters in Eq. (17), the transverse displacement field and its time derivatives are derived as:
The ODE solution constants are obtained through imposition of continuity conditions i.e. by 
First phase of motion ( ≤ )
310
In some cases, the severity of the blast load would induce the structural system to undergo a The incipient plastic hinge emerges at the early phase response before the membrane state is 345 reached [36] . By eliminating the membrane terms in Eq. (7) and performing some (
where 0 = / and the terms of transverse inertia may be eliminated to yield 
395
While it may not be straightforward to investigate the static admissibility of pattern (B), it is 396 evident that Eq.s' (32), (36)- (39) 
401
Phase 2 terminates as the in-plane motion of the plastic hinge line ceases at time 2 . Now, due
402
to the reserved kinetic energy remaining from the previous deformation, the inertia is induced 
Simplification into a membrane
430
High intensity shock loads may give rise to large plastic deformations, to the extent that the 431 influence of finite displacements due to such loads governs the overall response of the structure.
432
In such cases, the contribution of the membrane forces alone associated with the finite 
Pattern (A) of motion
441
In the first phase of motion, Eq. , the constants thereof are determined by ensuring the 444 kinematic conditions at t=0, giving:
Thus, the expression of the simplified membrane model is similar, but of reduced form of that
446
of the combined bending and membrane, in terms of the ODE constant 3 . This phase continues 447 for a duration of = when the loading is complete.
448
In the same spirit to the previous analyses, the dynamic equilibrium equation , while the permanent deformation boils down to:
454
Fig. 19 The difference between the results of membraneonly and combined bending and membrane analyses
For high impulse magnitudes, the difference between the two approaches (combined bending
455
and membrane and membrane only) decreases exponentially, the expression (52) yields about 456 only 8% higher overestimation than its counterpart (Fig. 19) . 
The deformation at the first phase of motion is: The dimensionless kinetic energy is given as: 
Pattern (A)
492
In the case of impulsive loading, the impact velocity is evaluated in terms of duration as = 
506
where the response is influenced by active bending hinge (Fig. 20b) . However, for design 507 applications, given the charge mass and stand-off, both circumscribing and inscribing curves may 508 be implemented to estimate the response of the metal plates with a high degree of accuracy. 
536
Perrone and Bhadra [54] developed a method to approximate the influence of strain rate 537 sensitivity using a mass connected by strings on either side. The system was loaded with uniform 538 impulsive velocity 1 = 0 / to incur large inelastic deformation such that the influence of finite 539 displacement was retained in the study. The authors observed that the maximum strain rate is 540 reached when half of the kinetic energy is dissipated, i.e. at 1 /√2, at which point the transverse 541 deformation reached two third of the permanent deformation. The strain rate was halved to 542 estimate for the average strain rate.
543
Using this approximation and considering the strain as ≅ ( / ) 2 /2 or ≅ ( / ) 2 /2 (ignoring the in-plane displacements), the strain rate, e.g. in zone I of pattern (A), is
545
. ≅ . / 2 , or . = (1/2)(2 /3)( 1 /√2)/ 2 and the average equivalent strain rate, assuming
546
. ≅ ( + )/√3, is estimated by:
Thus, assuming the plastic flow is governed by the Cowper-Symonds constitutive equation, the 548 dynamic yield stress is defined as follows:
where 0 ′ is the dynamic yield stress, and q are the material constants obtained empirically 
Validations of the theoretical models 564
The accuracy of the proposed theoretical models is examined against the numerical and 565 experimental studies using two approaches. In the first approach, a numerical model is set up to investigate the various cases of pattern (A) 
584
The candidate structures in the first approach were 400×400mm panels of ARMOX370T,
585
ARMOX440T and Mild Steel (MS4), which material properties are presented in Table 1 
593
The panels had characteristic dimensions of 400mmx400mm (exposed area of 300mm x300mm),
594
and areal density of 29.8 / 2 for AR 370T, while the AR440T had an areal density of 37 / 2 .
595
The areal densities of MS4 and MS were 31.4 and 14.7 / 2 , respectively.
596
Fig . 21 draws the stress-strain curve of the armour steel specimen under uniaxial strain test.
597
To account for the hardening of the materials, the mean flow stress for the analytical was 
599
waves was taken for all blast scenarios studied here. 
600
607
and / = 0.015, while the loading was confined to the exposed area of 106mm diameter. uniform loading case by [36] .
634
The mild steel panels, on the other hand, had various loading constant zone radii, while the 635 magnitude of the load was adjusted to yield constant total impulse of 50N.s. Thus, using the 
646
of 23% larger displacement on 0 = 0.5 (Fig. 24) . 
663
Due to the proximity of the blast the ratio of / decreases, while the decay exponent increases.
664
However, the length of the target plate is restrained to the portion to which most of the blast load 665 is absorbed. This can be estimated as the exposed area of the plate.
666
Under the circumstances where the blast pressure is induced by a proximal charge and the 667 ratio of the charge diameter to the expensed length of the target is small, such as those in [60] 668 (Fig. 26) , the majority of the load is dissipated before reaching the target boundaries, thus, it is 
677
This is because the large strain localisations due to the proximity of blast would lead to adiabatic 678 shear deformation due to the high temperature. The adiabatic heat generated due to the high 679 strain rates leads to the elevated temperature in the localised region while the surrounding 680 region of the plate strain hardens. In such cases the thermal softening may overcome the strain 681 hardening effects. Thus, the mathematical treatment incorporating the adiabatic shear effects is 682 fraught with difficulty, and to date the authors are unaware of an exact solution where this effect
683
was retained in the analyses of this kind. However, the concurrence of the, herein, theoretical [57]
[65]
[64]
[63]
[58]
Conclusions 691
This paper deals with a rigorous analytical study to predict the nonlinear dynamic performance of thin square plates with various boundary conditions. The armour plates were the target. The blast wave of this kind is represented by a spatial and a temporal distribution. The 
703
The pulse shape effects have not been studied here. This is because the method of eliminating 
705
[50], [61] . The difference between the effect of pulse shapes of rectangular and linear functions 706 for circular plate was found to be 5% [41] . Thus, the permanent transverse deflection may be 707 furnished using the impulsive simplification for the assumed rectangular pulse, irrespective of 708 the pulse shape. For blast of high magnitude and low pulse duration, the transverse deformation 709 was reduced into an expression of dimensionless initial kinetic energy and found to be consistent 710 with the available experimental results in the literature.
711
The plates were assumed as 'thin' membranes, indicating the influence of transverse shear 712 and rotatory inertia (corresponding to the Mindlin-Reissner plate theory) could be disregarded.
713
With large deflection theory in mind, the influence of the geometry changes, or finite 714 displacements were retained in the analyses. This reflects on the roof shaped deformation profile 715 having stationery or travelling plastic hinges, which latter results yield more conservative 716 estimates than the former.
717
A final remark seems in order. While the results are most suitable for rate insensitive 718 materials, such as high strain ARMOX steel, the results prove to be conservative when 719 implemented on the materials which exhibit visco-plasticity (strain rate sensitivity) effects. 
